Air pollutants are recognised as important agents of ecosystem change but few studies consider 18 the effects of multiple pollutants and their interactions. Here we use ordination, constrained cluster 19 analysis and indicator value analyses to identify potential environmental controls on species 20 composition, ecological groupings and indicator species in a gradient study of UK acid grasslands. The 21 community composition of these grasslands is affected by climate, grazing, ozone exposure and nitrogen 22 deposition, with evidence for an interaction between the ecological impacts of base cation and nitrogen 23 deposition. Ozone is a key agent in species compositional change but is not associated with a reduction 24 2 in species richness or diversity indices, showing the subtly different drivers on these two aspects of 25 ecosystem degradation. Our results demonstrate the effects of multiple interacting pollutants, which 26 may collectively have a greater impact than any individual agent. 27 CAPSULE: Ozone exposure andnitrogen deposition have distinct but additive impacts on the plant 28 communities of British acid grasslands. 29
INTRODUCTION 31
Atmospheric pollution is among the most important drivers of global biodiversity loss and 32 degradation of ecosystem services (Sala et responses. Separate analyses were conducted using a division derived from constrained cluster analysis, 125
and a division at the critical load or level. 126
RESULTS 127
The results of redundancy analyses are shown in Table 1 , Fig. 1 shows bi-plots for an RDA 128 including all selected variables. Using forward selection, a minimal suite of environmental variables was 129 identified that collectively explained almost a quarter of the total variance in community composition. 130
In decreasing order of their marginal effect (i.e. tested without co-variables) these were: modern total 131 inorganic nitrogen deposition, mean annual potential evapotranspiration, ozone exposure, mean annual 132 rainfall, non-marine Ca+Mg deposition, cumulative dry deposition of NO x since 1900 and a simple field-133 estimated index of grazing intensity. Using variance partitioning to examine the conditional effect of 134 each variable (i.e. with other selected variables as co-variables), ozone exposure emerges as the 135 strongest independent variable and is the only variable to remain significant if a Bonferroni or Šidak 136 correction is applied. Current nitrogen deposition loses significance when using variance partitioning 137 due to strong correlation with cumulative nitrogen, if this is excluded then the result is significant 138 (P=0.01). The ordination bi-plot (Fig. 1) shows a strong association between the two nitrogen deposition 139 variables and base cation (Ca+Mg) deposition, as these variables might be expected to have interacting 140 impacts we also tested an interaction variable, adding 2.6% to the total explained variance and 141 explaining significant variance independent of both base cation and nitrogen deposition. A similar test of 142 possible interactions between ozone and nitrogen found no evidence for an interaction. 143
The bi-plots (Fig. 1a&b) ppb hrs AOT40. In both cases the difference in community composition between these two groups is 159 highly significant (P<0.003), moderately distinct (R ANOSIM >0.2) and it is possible to identify significant 160 indicator species at the P<0.01 level (Table 2) . Groupings identified by subsequent divisions are less 161 distinct and no indicator species can be identified so we conclude that only the first division is 162 ecologically useful. IndVal recognizes a number of species as good indicators of low-N sites, but only 163 one taxon (Hypnum cupressiforme agg. , bryophyte) as a good indicator of high-N sites (IV=73 , Table 2a ). relationship can be detected on a national scale. This is particularly interesting when considering that, 177 unlike nitrogen and climate, the sampling strategy did not intend to sample the ozone gradient and our 178 modelled exposure data is based on the AOT40 metric which is increasingly regarded as insensitive 179 (RoTAP in press). The calculation of AOT40 we use further assumes a three-month May-July sensitivity 180 period which may be overly conservative and fails to reflect spatial variability in growing season. That 181 ozone appears so strongly in our analyses despite such possible issues illustrates the strength of the 182 apparent relationship. To our knowledge this is the first study to show that ozone is an important 183 control on plant community composition at a national scale. 
Differential controls on diversity and community composition 290
Many landscape-scale studies of pollutant impacts on vegetation have been focussed on 291 biodiversity, with "biodiversity" in practise often taken narrowly to mean the species richness of a 292 quadrat sample. The limitations of such an approach are apparent in our dataset with results suggesting 293 that ozone has the greatest independent impact on community composition of acid grasslands but has 294 no detectable impact (P>0.05) on diversity per se, whether assessed by species richness or a diversity 295 index incorporating equitability (Shannon's H or Simpson's D). It appears that ozone pollution is 296 changing the composition of acid grasslands with some species increasing and some declining but 297 without an overall loss of species richness or a detectable shift in their evenness of distribution. Studies 298 focussed solely on species richness could well conclude that ozone exposure is unimportant in this 299
ecosystem, overlooking what may be an important driver of ecological change. Both diversity and 300 community composition are important in assessing pollutant impacts, so both should be considered as 301 they may be affected by different environmental drivers. 302
The importance of multiple drivers 303
Our study is one of very few to consider the combined impacts of multiple pollutants, providing 304 good evidence for the impacts of nitrogen and ozone with distinct responses to each and evidence for While D. scoparium may well be affected by nitrogen, the results here suggest that its distribution in 312 these acid grasslands is more determined by its insensitivity to ozone than its sensitivity to nitrogen. 313
Our results have important implications for the conservation and management of acid 314 grasslands supporting much recent work in showing the importance of nitrogen deposition but also 315 suggesting that ozone exposure is similarly important and that the impacts of nitrogen may be related to 316 deposition of non-marine base cations. Changes in plant communities are but one part of ecosystem 317 response to pollution however it is probable that the changes in plant communities we demonstrate 318 here produce consequent changes in other ecosystem components leading to a more general decline in 319 ecosystem quality and loss of ecosystem services. 
